The iron-molybdenum cofactor (FeMoco) of the nitrogenase MoFe protein is a highly complex metallocluster that provides the catalytically essential site for biological nitrogen fixation. FeMoco is assembled outside the MoFe protein in a stepwise process requiring several components, including NifB-co, an iron-and sulfurcontaining FeMoco precursor, and NifEN, an intermediary assembly protein on which NifB-co is presumably converted to FeMoco. Through the comparison of Azotobacter vinelandii strains expressing the NifEN protein in the presence or absence of the nifB gene, the structure of a NifEN-bound FeMoco precursor has been analyzed by x-ray absorption spectroscopy. The results provide physical evidence to support a mechanism for FeMoco biosynthesis. The NifEN-bound precursor is found to be a molybdenum-free analog of FeMoco and not one of the more commonly suggested cluster types based on a standard [4Fe-4S] architecture. A facile scheme by which FeMoco and alternative, non-molybdenum-containing nitrogenase cofactors are constructed from this common precursor is presented that has important implications for the biosynthesis and biomimetic chemical synthesis of FeMoco.
biosynthesis ͉ extended x-ray absorption fine structure ͉ nitrogenase ͉ x-ray absorption spectroscopy N itrogenase has served as a focal point in the field of bioinorganic chemistry because of the complexity of its associated metalloclusters and because of its important role in catalyzing biological nitrogen fixation, the essential process by which atmospheric nitrogen is converted into a bioavailable form (see reviews in refs. [1] [2] [3] [4] [5] . Minimally, nitrogenase enzyme systems consist of a catalytic component and a specific reductase, which, in the standard system, are referred to as the MoFe protein and the Fe protein. The MoFe protein contains two unique, high-nuclearity metal clusters: the [8Fe-7S] P-cluster, which functions in electron transfer, and the iron-molybdenum cofactor (FeMoco), which is the site of substrate reduction. FeMoco consists of fused [Mo-3Fe-3S] and [4Fe-3S] subcubanes that are bridged by three additional sulfides and share a central 6 -light atom of unknown identity (see Fig. 1 ) (6) (7) (8) . At the cluster termini, FeMoco is externally coordinated by two protein residues and an organic homocitrate entity. Some organisms can express additional genetically distinct nitrogenase systems having catalytic components with either an ironvanadium cofactor (FeVco) or an iron-only cofactor (FeFeco) (9, 10) , however, the molybdenum-based system is the most efficient and best-characterized.
Based largely on the genetic analysis of Azotobacter vinelandii, it its known that FeMoco is first assembled and then inserted into the MoFe protein in a complicated process requiring several nitrogen fixation gene (nif ) products (see reviews in refs. [11] [12] [13] [14] [15] . The pathway for FeMoco assembly is separate from that of FeVco and FeFeco, yet all three cofactors may originate from a common precursor formed by the NifB protein (9) . This protein, which is required for all of the nitrogenase systems, has been shown to contain an unusual iron-sulfur cluster and to be the source of the iron that eventually comprises FeMoco in the MoFe protein (16, 17) . For FeMoco synthesis, the precursor cluster from NifB, is transferred to the NifEN protein complex, where it is further processed and potentially molybdenum and homocitrate are added. The iron protein (NifH) is somehow involved in this process, and, although its exact role is unknown, it is thought to effect a change in NifEN that facilitates modification of the FeMoco precursor. Comparison with the chemical synthesis of P-cluster topologs indicates that an intermediate in FeMoco biosynthesis might consist of two bridged [4Fe-4S] clusters (14, 18) , however, there was previously no structural evidence to support this theory or any proposed mechanism. Furthermore, the lack of a synthetic route to a FeMoco analog has limited the scope of the comparison between the synthetic and biochemical assembly reactions. The x-ray absorption spectroscopy (XAS) and extended x-ray absorption fine structure (EXAFS) analyses of a FeMoco precursor cluster bound to NifEN presented herein provide physical insight into how the cofactor assembly reaction may proceed. Unexpectedly, the results indicate that a molybdebnum-free, iron-and sulfurcontaining cluster with a core structure similar to FeMoco is present on NifEN at an early stage in the biosynthetic pathway.
Results and Discussion
A FeMoco precursor bound to NifEN (expressed in a ⌬nifHD-KTY strain of A. vinelandii) was previously identified through EPR comparison with a NifEN protein expressed in a ⌬nifB background (⌬nifB NifEN) (19) . NifEN is a heterotetramer that shares significant sequence homology with the MoFe protein, including several of the residues surrounding both the P-cluster and FeMoco binding sites (20) . Two different types of ironsulfur clusters, neither of which contain molybdenum, have been identified on NifEN: a permanent cluster and a transient FeMoco precursor (19, 21) .
¶ The permanent clusters, alone, are present on ⌬nifB NifEN, which has an iron content of 8 mol of iron per mol of protein and a signature S ϭ 1͞2 EPR signal that indicates the presence of two [4Fe-4S]-like clusters (19, 22) . NifEN has an iron content of 16 mol of iron per mol of protein and displays an additional, distinct S ϭ 1͞2 EPR signal (19) . The extra iron on NifEN is believed to comprise a FeMoco precursor because NifEN can activate apo-MoFe protein upon addition of Fe protein, MgATP, homocitrate, and molybdate, whereas ⌬nifB NifEN cannot (19) .
The presence of two different iron-containing clusters on NifEN presents a problem for effective XAS analysis of the FeMoco precursor because both types of clusters contribute to an iron K-edge data set. To structurally characterize the precursor on NifEN without interference from the permanent clusters, a method was devised to remove the signal common to both NifEN and ⌬nifB NifEN by subtracting ⌬nifB NifEN XAS data from NifEN XAS data after scaling both data sets based on the respective iron contents of the two proteins. This method was tested by first using it to analyze MoFe protein, which is well characterized by x-ray crystallography and similarly has two iron-containing clusters.
A data set representing MoFe protein-bound FeMoco was generated by subtracting the iron K-edge XAS data of A. vinelandii ⌬nifB MoFe protein, which contains P-clusters but not FeMoco (23) , from that of wild-type A. vinelandii MoFe protein in a 8͞7:15͞7 ratio ( Fig. 2A ; see also Fig. 3A) . The EXAFSderived distances for the average iron environment in MoFe protein-bound FeMoco obtained by this method (see Table 1 ) are consistent with those derived from both crystallography of wild-type MoFe protein (Fe-S at 2.24 Ϯ 0.03 Å, Fe-Fe at 2.63 Ϯ 0.03 Å, Fe-Mo at 2.70 Ϯ 0.03 Å, and Fe-Fe at 3.70 Ϯ 0.03 Å) (6) and iron K-edge EXAFS of isolated FeMoco (24) . The correspondence between the results reported here for MoFe protein-bound FeMoco with those reported previously for FeMoco by other methods indicates the suitability of the subtraction method to the analysis of the NifEN-bound FeMoco precursor cluster. Note that because the EXAFS technique is not sensitive enough to detect a small amount of scattering from a light atom against a background of heavy atom scatterers, the EXAFS results cannot confirm the presence or absence of a central light atom in MoFe protein-bound FeMoco, nor would it be possible to detect a similar atom in the NifEN-bound precursor should it exist.
EXAFS spectra of NifEN, ⌬nifB NifEN, and the NifEN-bound precursor (prepared by a 1:2 subtraction of the former from the latter) are shown in Fig. 2B ; the Fourier transforms of these spectra are shown in Fig. 2D and Fig. 4 , which is published as supporting information on the PNAS web site. The NifENbound precursor EXAFS data are best fit with a total of 3.8 short-range iron-iron distances, 3.3 at 2.66 Å and 0.5 at 2.88 Å, and a total of 1.6 long-range iron-iron distances split between 3.68 Å and 3.80 Å (see Table 1 ). The strength of the short-and long-range iron-iron components suggests that the NifENbound precursor is a high-nuclearity cluster. To find the structure that best matches these fit parameters, structural models were derived from all of the current known high-nuclearity iron-sulfur and mixed metal-sulfur cluster types (see refs. 18 and 25 for examples). Few of these models, including the bridged bicubane structures commonly suggested as FeMoco precursors (14, 18, 25) , had features consistent with the high number and relatively short lengths of the long-range iron-iron scattering components found in the EXAFS analysis of the NifEN-bound precursor (see Table 1 ). The long-range iron-iron scattering components comprise an intense peak at Ϸ3.5 Å in the Fourier transform of the NifEN-bound precursor EXAFS data ( Fig. 2D ) similar to one found in the Fourier transform for MoFe proteinbound FeMoco (Fig. 2C ) due to intercubane scattering between the six iron atoms at the FeMoco core. This peak is absent from the ⌬nifB NifEN data, consistent with the presence of normal [4Fe-4S] clusters having no long-range order, and from the ⌬nifB MoFe protein data because the cross-cluster iron-iron scattering in the P-cluster is less ordered and occurs at a longer distance with a lower coordination number than in FeMoco (see Fig. 4 ). Since its initial observation in the EXAFS Fourier transform of isolated FeMoco, this peak has been regarded as a signature feature representative of the unique long-range order in the FeMoco structure (24, (26) (27) (28) . The occurrence of this signature peak in the data for the NifEN-bound precursor together with the EXAFS-fit results imply that the precursor has the same long-range order found in FeMoco.
A FeMoco-like structure having six, seven, or eight iron atoms could reproduce these long-range features, however, the inten- (6)]. The atoms are molybdenum (purple), iron (green), sulfur (orange), oxygen (red), nitrogen (blue), carbon (gray), and X (black), which may be carbon, nitrogen, or oxygen. In the 8Fe and 7Fe models for the NifEN-bound FeMoco precursor, sulfur is shown as the ligand to one of the terminal iron atoms because the Cys residue that ligates FeMoco in the MoFe protein is conserved in the NifE primary sequence (20) . The ligand at the opposite terminal iron atom is not given because it could be any number of light-atom ligands, including Asn, which replaces the FeMoco His ligand in the NifE sequence (20) . sity of the short-range iron-iron scattering precludes a six-iron cluster. A seven-iron cluster (Fig. 1, 7Fe model) is consistent with the data, but fits based on this model (see Table 1 ) are worse than those based on a model having eight iron atoms (Fig. 1, 8Fe  model) . Although the 7Fe model cannot be excluded on this basis, the 8Fe model is considered to be the more likely structure because it is a better match both to the EXAFS fit results and previous biochemical studies (19) . Overall, the fit parameters suggest that the NifEN-bound precursor is structurally similar to FeMoco but with a terminal iron atom in place of molybdenum and slightly elongated interatomic distances (see Fig. 1 , 8Fe model). Homology modeling and sequence alignments suggest that this type of cluster would be easily accommodated in the NifEN polypeptide environment, which is predicted to be very open with less-bulky amino acids than those found in the MoFe protein environment (29) . The lone cysteine residue in this region of NifE, Cys-E250, is homologous to Cys-␣275 in the MoFe protein primary sequence and is therefore believed to serve as the ligand to the terminal iron atom of the NifEN-bound precursor in a manner similar to that observed between Cys-␣275 and FeMoco in the MoFe protein (20, 29) .
The EXAFS-derived 8Fe model for the NifEN-bound FeMoco precursor is structurally homologous to the cluster proposed as the catalytic cofactor in the alternative iron-only nitrogenase (FeFeco) (9, 10) and is a good match to both the EXAFS results from this protein (27) and theoretically calculated distances for FeFeco (30) (31) (32) .
ʈ In accordance with the observation of longer distances in the NifEN-bound precursor compared with MoFe protein-bound FeMoco, density functional theory calculations predict that FeFeco is less stable than its molybdenum-containing counterpart and therefore should have a larger cluster volume (32, 33) .
Further support for the assignment of the 8Fe or 7Fe model as the NifEN-bound precursor is provided by analysis of the x-ray absorption pre-edge region. This region of the x-ray absorption spectrum has been shown to be extremely sensitive to the geometry at an average iron site in a molecule, allowing for the differentiation of four-, five-, and six-coordinate complexes or tetrahedral and square-planar geometries, for example (34) . The pre-edge spectra of MoFe protein-bound FeMoco and the NifEN-bound precursor consist of at least two well spaced peaks centered at 7,112.1 and 7,113.6 eV ( Fig. 3 and Table 2 ). These spectra differ from those of typical protein-bound iron-sulfur clusters with tetrahedral iron site geometries, such as those of the P-cluster-containing ⌬nifB MoFe protein and the [4Fe-4S]-containing ⌬nifB NifEN protein ( Fig. 3 and Table 2 ), which consist of a single broad peak or multiple closely spaced peaks centered at Ϸ7,112.2 eV (35). According to the crystal structure of the MoFe protein (6), the predominate geometry of the iron sites in FeMoco is intermediate between tetrahedral and trigonal pyramidal. This unconventional geometry is probably the source of the observed spectral differences between MoFe proteinbound FeMoco and the more regular clusters of the ⌬nifB ʈ The Mö ssbauer spectrum of the Fe-only nitrogenase has been interpreted to indicate that a central atom must be present in FeFeco, although there is no structural evidence of its occurrence (46). Additional fit results are given in Table 3 , which is published as supporting information on the PNAS web site. The variables are coordination number, N; interatomic distance, R; mean-square thermal and static deviation in R, 2 ; and the shift in the threshold energy from 7,130 eV, ⌬E 0. The estimated uncertainties in R, 2 , and N are Ϯ0.02 Å, Ϯ0.0001 Å 2 , and Ϯ20%, respectively. The goodness of fit is described by F, where F ϭ [⌺k 6 (exptl Ϫ calcd) 2 ͞⌺k 6 exptl 2 ] 1͞2 . The MoFe protein-bound FeMoco data were obtained by subtraction of ⌬nifB MoFe protein EXAFS from wild-type MoFe protein EXAFS in a ratio of 8͞7:15͞7. The NifEN-bound precursor data were obtained by subtraction of ⌬nifB NifEN EXAFS from NifEN EXAFS in the ratio of 1:2 for the 8Fe model or 8͞7:15͞7 for the 7Fe model. -, not included in fit.
proteins. Although the complexity of the clusters in these proteins prohibits a detailed pre-edge analysis, the greater correspondence between the pre-edge features of the NifENbound precursor and MoFe protein-bound FeMoco, compared with that between the NifEN-bound precursor and the ⌬nifB proteins, suggests that the average iron site geometry in the precursor is more similar to the FeMoco geometry than that of a typical iron-sulfur cluster. Importantly, all of the structural models considered except those based on a FeMoco core (see Fig. 1 ) have tetrahedral iron site geometries and are therefore inconsistent with the pre-edge analysis of the NifEN-bound FeMoco precursor.
The assignment of a molybdenum-free FeMoco-like cluster (see Fig. 1 , 8Fe and 7Fe models) as the NifEN-bound FeMoco precursor is strongly supported by XAS results that are consistent with an iron-and sulfur-containing cluster having at least seven iron atoms, the same long-range order as FeMoco, and a similar average iron site geometry as FeMoco. This precursor is formed in a strain of A. vinelandii lacking the structural genes for both the MoFe and Fe proteins and therefore represents the state of FeMoco assembly up to the point where intervention of the Fe protein (NifH) is required. Because the FeMoco architecture is already in place at this point, no further rearrangement of the cluster is necessary. Thus the role of the Fe protein in FeMoco assembly cannot be to trigger a change in cluster structure, as has been previously suggested (14) ; instead, it is more likely that the Fe protein is involved in another suggested role, such as mediating heterometal insertion or homocitrate attachment (13) . Furthermore, the occurrence of a FeMoco-like cluster at this stage in the biosynthetic pathway indicates a considerable role for NifB in the formation of this distinctive structure and potentially a new synthetic route to bridged metalloclusters that relies on radical chemistry at the Sadenosylmethonine domain of NifB (36) .
Although it has long been known that NifEN acts as a scaffold by which potentially multiple FeMoco processing steps take place, the exact nature, number, and sequence of these steps have remained obscure (11) (12) (13) (14) (15) . The results presented here indicate that the first isolatable FeMoco precursor on NifEN is a molybdenum-free analog of FeMoco. The most likely trajectory for FeMoco assembly from this state, which is best represented by the 8Fe model (Fig. 1) , would be loss of the noncysteine-ligated terminal iron atom followed by incorporation of molybdenum in its place. These types of reactions are well documented in synthetic and protein systems where sitedifferentiated [4Fe-4S] clusters commonly lose iron upon oxidation to form stable [3Fe-4S] clusters, which can, in turn, be reconstituted upon reduction with either Fe(II) or other thiophilic metal ions (37) . Consistent with the common requirement for NifB in all of the nitrogenase systems (9), the precursor structure proposed here for FeMoco could reasonably act as a precursor for the three different nitrogenase cofactor types.
Transformation to FeVco would occur by simple insertion of vanadium instead of molybdenum, whereas the cluster could proceed as-is for homocitrate attachment and insertion into the Fe-only protein.
For over 25 years, significant efforts have been focused on chemically synthesizing structural analogs of the nitrogenase clusters (18, 25) . Despite recent advances leading to successful P-cluster topologs, no FeMoco-like clusters have been synthesized (18) . The evidence presented here of a molybdenum-free FeMoco analog in the FeMoco biogenesis pathway may prove instrumental in the development of a strategy for the chemical synthesis of FeMoco and future opportunities for a detailed analysis of this important yet enigmatic cluster.
Materials and Methods
Unless otherwise noted, all chemicals and reagents were obtained from Fisher, Baxter Scientific Products (McGaw Park, IL), or Sigma.
Cell Growth and Protein Purification. All A. vinelandii strains were grown in 180-liter batches in a 200-liter New Brunswick fermentor on Burke's minimal medium supplemented with 2 mM ammonium acetate. The growth rate was measured by cell density at 436 nm with a Spectronic (Westbury, NY) 20 Genesys Spectrophotometer. After ammonia consumption, the cells were derepressed for 3 h and harvested with a flow-through centrifugal harvester (Cepa, Lahr, Germany). The cell paste was washed with 50 mM Tris⅐HCl, pH 8.0. Published methods were used for the purification of wild-type A. vinelandii MoFe protein (38) and the His-tagged MoFe proteins expressed by A. vinelandii DJ1143 (⌬nifB MoFe protein) (39), DJ1041 (NifEN protein) (19, 22) , and YM9A (⌬nifB NifEN protein) (19) . All protein samples were prepared in a Vacuum Atmospheres (Hawthorne, CA) Ar-filled dry box with Ͻ4 ppm O 2 and concentrated in a Centricon-30 (Amicon) concentrator in anaerobic centrifuge tubes outside the dry box to final concentrations of 53 mg͞ml MoFe protein (6 mM in Fe), 33 mg͞ml ⌬nifB MoFe protein (2 mM in Fe), 80 mg͞ml NifEN protein (5 mM in Fe), and 79 mg͞ml ⌬nifB NifEN protein (3 mM in Fe). Samples for XAS analysis in Tris⅐HCl, pH 8.0͞250 mM imidazole͞500 mM NaCl͞2 mM dithionite͞50% glycerol were loaded into 70-l Lucite cells with Kapton tape windows and flash-frozen in a pentane͞liquid nitrogen slush.
XAS Data Collection. XAS data were measured at the Stanford Synchrotron Radiation Laboratory under 3-GeV, 80-to 100-mA beam conditions using beam line 9-3 with a Si(220) doublecrystal monochromator and two rhodium-coated mirrors: one flat premonochromator mirror for harmonic rejection and vertical collimation and one toroidal postmonochromator mirror for focusing. The samples were maintained at 10 K during data collection in an Oxford Instruments CF1208 continuous-flow Values are reported as averages from all fits to a data set with standard deviations in parentheses. Peak intensity is defined as the peak area (the product of peak amplitude and half-width) multiplied by 100 (29) . MoFe protein-bound FeMoco data were obtained by subtraction of normalized ⌬nifB MoFe protein edge data from normalized wild-type MoFe protein edge data in a ratio of 8͞7:15͞7. NifEN-bound FeMoco precursor data were obtained by subtraction of normalized ⌬nifB NifEN edge data from normalized NifEN edge data in a 1:2 ratio. -, Two distinct peaks cannot be fit to the spectra of the ⌬nifB proteins at the resolution of this experiment (Ϸ1.2 eV).
liquid helium cryostat. Data were collected as iron K␣ fluorescence using a Canberra 30-element solid-state germanium detector. Radiation from elastic͞inelastic scattering and iron K␤ fluorescence was minimized at the detector by placing a set of Soller slits with a manganese filter between the cryostat and the detector. The x-ray energy was calibrated to the inflection point at 7,111.2 eV of a standard iron foil measured concurrent with the samples. Changes in the edge position over time, which would indicate photoreduction of an oxidized metal site, were not observed for any sample.
XAS Data Analysis. The program XFIT (40) was used to process the raw data from MoFe protein, ⌬nifB MoFe protein, NifEN, and ⌬nifB NifEN. First, a polynomial background absorption curve was fit to the pre-edge region and extended over the post-edge with weighted control points. Next, a four-segment polynomial spline was fit over the EXAFS region. The spectra were then normalized to have an edge jump of 1.0 between the background and spline curves at 7,130 eV. The MoFe protein-bound FeMoco data were obtained by subtraction of ⌬nifB MoFe protein data from wild-type MoFe protein data in the ratio of 8͞7:15͞7. Unless otherwise noted, the NifEN-bound FeMoco precursor data were obtained by subtraction of ⌬nifB NifEN data from NifEN data in a 1:2 ratio. The edge and EXAFS regions were subtracted separately.
EXAFS data from MoFe protein-bound FeMoco and the NifEN-bound precursor over a k range of 2-16 Å Ϫ1 were fit by using the nonlinear least squares fitting program, OPT, from the EXAFSPAK program suite (41) . During the fitting process, the variables for interatomic distance (R) and mean-square thermal and static deviation in R ( 2 ) were allowed to vary for all scattering components. The shift in the threshold energy (⌬E 0 ) was also varied for each fit but constrained to be the same for all components. The amplitude reduction factor (S 0 2 ) was fixed to a value of 1.0 for all fits. Coordination numbers (N) were fixed to values established by the input models. When compound scatterers of a single type were used, the sum was fixed to the model value while different ratios of the two components were iteratively tested to find the best empirical fit to the data. The ab initio theoretical phase and amplitude functions used in the fitting program were generated by FEFF 7.0 (42, 43) . Theoretical functions were calculated separately for the MoFe proteinbound FeMoco and NifEN-bound precursor data sets from input models based on the crystallographic coordinates of FeMoco in the MoFe protein for the former or the same coordinates modified to replace molybdenum with iron for the latter (6 (45), and the P-cluster (6), did not affect the distances determined by the EXAFS fitting process for the NifEN-bound precursor.
The energies and intensities of the peaks in the pre-edge spectra were quantified by using the methodology of Westre et al. (34) and the least-squares fitting program EDGFIT, which is part of the EXAFSPAK program suite (41) . The pre-edge features were modeled as peaks composed of Lorentzian and Gaussian functions in a fixed 1:1 ratio for which the energy, amplitude, and half-width were allowed to vary. The background absorption was empirically modeled as a single peak composed of Lorentzian and Gaussian functions for which the mixing ratio was allowed to vary along with the other peak parameters. In all cases, the data were fit over three energy ranges: 7,108-7,116 eV, 7,108-7,117 eV, and 7,108-7,118 eV using multiple background functions. The fits were constrained to match a smoothed second derivative of the data.
